Abstract-Single-carrier (SC) waveform has a lower peak-toaverage power ratio than multi-carrier waveform. Furthermore, it can exploit the channel frequency-selectivity through frequency-domain equalization (FDE) to improve the transmission performance. SC-FDE is a block transmission. The cyclic prefix (CP) is inserted in front of each data block. Instead of CP insertion, the known training sequence (TS) insertion and zero padding (ZP) can be used. In this paper, performance comparison is made among CP-, TS-, and ZP-SC in terms of the channel capacity and average bit error rate (BER) performance in a frequency-selective Rayleigh fading channel.
INTRODUCTION
The transfer function of broadband channel varies over the signal bandwidth (such a channel is called the frequencyselective channel) [1] . The transmitted signal spectrum is severely distorted and severe inter-symbol interference (ISI) is produced. Some advanced equalization techniques must be introduced. To avoid problems arising from the severe ISI, orthogonal frequency division multiplexing (OFDM) has been attracting much attention. OFDM is a block transmission using a number of orthogonal subcarriers. Before the transmission, the cyclic prefix (CP) is inserted in front of each OFDM signal to make the received OFDM signal to be a circular convolution of the transmitted OFDM signal and the channel impulse response. Each data symbol in a block is transmitted in parallel using a different orthogonal subcarrier and hence, simple onetap frequency-domain equalization (i.e., zero-forcing FDE) can be used [2] . However, the OFDM waveform has a high peakto-average power ratio (PAPR) and furthermore, cannot exploit the channel frequency-selectivity.
Recently, the single-carrier with frequency-domain equalization (SC-FDE) has been gaining popularity [3] . The SC waveform has an advantage of lower PAPR than the OFDM waveform. In SC transmissions, each data symbol in a block is spread over the entire subcarriers unlike OFDM. Therefore, the use of FDE can exploit the channel frequency-selectivity to improve the transmission performance. Instead of CP insertion, the known training sequence (TS) insertion [4] and zero padding (ZP) [5] can be used.
To the best of authors' knowledge, no literature is available which gives the performance comparison among three SC-FDE schemes. In this paper, the performance comparison is made among CP-, TS-, and ZP-SC in terms of the achievable channel capacity and average bit error rate (BER) performance under the same channel condition.
The remainder of this paper is organized as follows. Section II reviews CP-, TS-, and ZP-SC. In Section III, the channel capacity expression is presented. Section IV presents the frequency-domain block signal detection. Section V discusses the channel capacity and BER performance. Section VI offers some concluding remarks.
II. CP-, TS-, AND ZP-SC A SC block transmission of N c data symbols is considered. Transmitter/receiver structure is illustrated for CP-, TS-, and ZP-SC in Fig. 1 . If a CP of length longer than the channel maximum time delay is inserted, the received signal is a circular convolution of the transmitted block and the channel impulse response. Figure 2 illustrates the transmit data block and time-domain channel matrix. The channel maximum time delay is assumed to be N g symbols. For CP-SC, the CP is the last N g -symbol part in an N c -symbol data block. For TS-and ZP-SC, the same N g -symbol training sequence and N g -zero sequence are respectively inserted in front of each N c -symbol data block. They can be viewed as a CP of an N c +N g -symbol block.
The received signal can be expressed using the matrix form as , (2) where I is the identity matrix and . (3) Since [7] ( ) ( ) ( ) ( )
the channel capacity expression becomes
, the channel capacity can be upper-bounded as
From the Parseval's theorem,
where {h(τ); τ=0,1,…, N c −1} is the channel impulse response. Eq. (6) can be rewritten as
B. TS-SC
Applying the eigenvalue decomposition [7] to (9) where U and Λ are respectively the unitary matrix and the diagonal matrix having eigenvalues {λ(k); k=0~N c −1} as its diagonal elements. The channel capacity expression can be given as
Applying the Jensen's inequality and using 
which is identical to CP-SC. 
C. ZP-SC

D. Distribution of Capacity Upper-bound
The channel capacity is a function of the instantaneous channel impulse response {h(τ); τ=0~N c −1} (note that h(τ)=0 for τ=N g~Nc −1). Letting 
we have
. Assuming a Rayleigh fading channel having an L-path uniform power delay
The pdf of the capacity upper-bound is given as
with a=1+N g /N c for CP-SC. In the similar way, the pdf of the capacity upper-bound can be obtained for TS-and ZP-SC. 
IV. FREQUENCY-DOMAIN BLOCK SIGNAL DETECTION
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A. FDE Based on Minimum Mean Square Error Criterion (MMSE-FDE)
MMSE-FDE is carried out on Y, followed by inverse DFT (IDFT) to obtain the soft decision output d as
where W=diag{W(k); k=0~N c −1} for CP-SC and diag{W(k); k=0~N c +N g −1} for TS-and ZP-SC is the FDE weight matrix. The MMSE-FDE weight is the solution to minimize
and is given as 
The IDFT output
after MMSE-FDE is the sum of the scaled version of desired symbol, the residual ISI, and the noise and is given by
The factor A is the equivalent channel gain and is given as 
B. Frequency-domain QRM-MLBD
A big performance gap from the matched filter-bound (MF) still exists due to the presence of residual ISI after MMSE-FDE. The maximum likelihood (ML) block detection using frequency-domain QR decomposition and M-algorithm (QRM-MLBD) [10] is a powerful signal detection combined with FDE to narrow the performance gap. The receiver structure of frequency-domain QRM-MLBD is illustrated in Fig. 3 . Since R is the upper triangular matrix, the ML detection can be converted to the successive tree search problem and the computational complexity can be reduced by introducing the M-algorithm.
V. PERFORMANCE EVALUATION The channel capacity and BER performance achievable with CP-, TS-, and ZP-SC are evaluated by numerical computation and computer simulation, respectively. Transmission/channel condition is shown in Table I . The channel is assumed to be a block Rayleigh fading channel having an L=16-path exponential power delay profile with decay factor β. A. Channel Capacity Figure 4 compares the pdfs of the channel capacity upperbound of CP-, TS-, and ZP-SC for the uniform power delay profile (the decay factor β=0dB). ZP-SC has a slightly higher capacity than CP-and TS-SC since the signal-to-noise power ratio (SNR) is increased by a factor of 1+N g /N c for the given average signal power P. The channel capacity varies according to the changes in the instantaneous channel impulse response shape when a mobile terminal moves. Figure 5 plots the average capacity as a function of E s /N 0 with β as a parameter. As β increases, the average capacity reduces due to the less frequency diversity (path diversity) gain. Figure 5 . Average channel capacity. Figure 6 plots the BER performance of MMSE-FDE as a function of average received bit energy-to-noise power spectrum density ratio E b /N 0 (=(E s /N 0 )/2). The MF bound [11] is also plotted. CP-and TS-SC achieve the identical BER performance. ZP-SC is the best among three SC schemes. However, still a big performance gap from the MF bound exists. Figure 7 compares the BER performances achievable with QRM-MLBD and MMSE-FDE assuming the uniform power delay profile (β=0dB). For QRM-MLBD, M=4, 16, and 64 are considered. Also plotted is the MF bound. QRM-MLBD outperforms MMSE-FDE. It provides better performance and approaches the MF bound by increasing the number M of surviving paths in the M-algorithm. It should be noted that increasing M increases the computational complexity. ZP-SC provides the best BER performance close to the MF bound even using M=8. VI. CONCLUSION In this paper, we discussed the channel capacity and BER performance achievable with CP-, TS-, and ZP-SC. It was shown that ZP-SC is the best among three SC schemes. Although ZP-SC is the best, TS-SC remains as a promising transmission scheme. In TS-SC, the known TS is transmitted every data block and can be used for channel estimation. TS-SC channel estimation is very robust against fast fading.
B. BER Performance
